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Thermal  transport  properties  like effective  thermal  conductivity  (e)  and  effective  thermal  diffusivity
(ke) of Ge–Se–Sb  chalcogenide  glassy  alloys  were  measured  simultaneously  using  transient  plane  source
(TPS)  technique  from  room  temperature  to 260 ◦C at normal  pressure.  Twin  pellets  of  the  sample,  prepared
under  a  load  of 5 ton,  were  used  for these  measurements.  In the  studied  temperature  range,  both  e and
ke initially  remain  almost  constant  from  room  temperature  to 160 ◦C and  then  increase  to maxima  with
further  increase  of  temperature,  and  thereafter  decrease  with  increasing  temperature.  This  variation  hasransient plane source technique
morphous materials
halcogenide glasses
hermal conductivity
ransport properties
been  explained  phenomenologically  on  the  basis  of variation  of  phonon  mean  free  path  with  temperature.
An  effort  has  been  made  to predict  this  behavior  by  an  empirical  relation  obtained  from  polynomial  ﬁt  of
the experimental  data. The  calculated  values  of  e and  ke are  in  good  agreement  with  the  experimental
results  over  the entire  range  of  temperatures  under  investigation.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by. Introduction
In recent years, considerable attention has been focused on
morphous semiconductors, especially those known as chalco-
enide glasses, due to their threshold and memory switching
ehavior and infrared transmission of many of these glasses which
ake them potential materials for industrial applications in mem-
ry devices and ﬁber optics [1]. Structural studies of chalcogenide
lasses are important in determining the transport mechanism,
hermal stability and practical applications. Different techniques
ave been used to study the structure of chalcogenide glasses, e.g.
lectron microscopy, X-ray diffraction and scanning calorimetry
2]. Amorphous Se holds an important role among the chalco-
enide glasses and is widely used as amorphous semiconductor
3]. Se exists in two structural forms: long helical chains and eight-
embered rings with strong covalent bonds existing between the
toms within the molecular unit and a weaker force between neigh-
oring units [4]. From the technological point of view Se glass∗ Corresponding author. Tel.: +91 1412704056.
E-mail address: vandana.spsl@gmail.com (V. Kumari).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.06.006
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. ProducElsevier  B.V.  All  rights  reserved.
should be thermally stable with time and temperature during use
[5]. However, Se is not thermally stable with time and temperature
and hence an additive is required. Se-based binary chalcogenide
glasses have been found to be more useful in practical applications
than pure Se.
Ge–Se chalcogenide glasses are more environment friendly and
have a wider transmission window than As-based chalcogenides,
making them ideal for the fabrication of various devices in the mid-
infrared region of the electromagnetic spectrum [6]. The Ge–Se
glassy system is an archetypal covalent chalcogenide system; an
interesting feature of Ge–Se glassy network is the evolution of
the local structure with composition [7–9]. From Raman scattering
studies, it has been observed that the local structure of GexSe1−x
glasses consists of chain segments of edge-sharing GeSe2 and
corner-sharing GeSe4/2 tetrahedra [10]. Another interesting thing
in the Ge–Se glassy system is the glassy network through which
the properties can be manipulated by the incorporation of suit-
able additives. In particular, it has been noticed that the addition
of metallic impurities has a pronounced effect on the structure of
Ge–Se network and this effect can be widely different for differ-
ent additives. It was  also proposed that in Se-based chalcogenide
glasses the metallic atoms play a dual role as network modiﬁers
in Se rich side and network formers in Se deﬁcient side, thereby
inﬂuencing the properties considerably [9].
tion and hosting by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic diagram of TPS sensor.
shown in Fig. 3.40 V. Kumari et al. / Journal of Asia
The introduction of antimony in GeSe2 favors the glass forma-
ion. The stabilization of the glassy state increases with the increase
f Sb content and crystallization ability increases only for content
igher than 20 at.% of Sb. In the ternary system Ge–Sb–Se obtained
y quenching in air, there exists a signiﬁcant domain of glasses sta-
le against crystallization, which comprises the compositions with
ermanium content 10–20 at.% and antimony content up to 20 at.%
11].
Among various metal doped Ge–Se systems, the antimony
oped chalcogenide Ge–Se glasses have drawn considerable atten-
ion in the recent times, owing to their good transmittance in the
nfrared region [8,9]. It is well known that thermal relaxation occurs
n these glasses [12] when a glassy substance suffers instantaneous
hanges in temperature. During the quenching process, the glassy
ubstance relaxes toward an equilibrium state of lower enthalpy
rom the state of higher enthalpy. This type of thermal relaxation
epends on the annealing temperature and time and may  be quite
ast near the glass transition temperature.
Efforts were made to study the glass transition phe-
omenon, crystallization kinetics, and thermodynamics [13,14] of
e30−xSe70Sbx (x = 10, 15, 20 and 25) chalcogenide glasses. In order
o make the chalcogenide glasses useful from the viewpoint of
pplications, it is very important to investigate their thermal trans-
ort properties. The investigation of effective thermal conductivity
e) and effective thermal diffusivity (ke) with temperature will
rovide us the understanding of the mechanism of degradation in
hese glasses. Therefore, an effort has been made to investigate the
emperature dependence of thermal transport properties such as
he effective thermal conductivity (e) and effective thermal diffu-
ivity (ke) of these materials.
A different feature of the thermal conductivity and thermal dif-
usivity is that, it can be used as a tool in the study of imperfections,
islocations, and voids as the carrier mean free path is affected by
attice defects [15]. Both e and ke have been measured experi-
entally [16] and their variation has been plotted as a function of
emperature. The technique used for the measurements of e and ke
s transient plane source (TPS), which was developed by Gustafs-
on [17] as an improvement version of transient hot strip (THS)
ethod. Theory of transient plane source method is given else-
here [18]. The main motivation behind these studies has been to
xplore the possibility of predictions of thermal conductivity and
hermal diffusivity by some empirical equations using the experi-
entally measured data [16] to show temperature dependence of
e and ke values in the entire range of working temperature.
. Experimental procedure
Ternary chalcogenide glasses Ge30−xSe70Sbx (x = 10, 15, 20 and
5) were prepared from 5 N pure Ge, Se and Sb, using the standard
elt quenching method. The appropriate at.% proportions were
eighed into clean quartz ampoules, evacuated under a pressure of
10−6 Torr and inserted in a programmable electrical furnace held
t 925 ◦C. During the course of heating, the ampoules were shaken
igorously at regular intervals to ensure homogeneity and to pro-
ote escape of any dissolved or sorbet gases in the molten mixture.
ll the samples were placed inside the furnace for 12–14 h, and then
apidly quenched in ice cooled water and ingots were ground to ﬁne
owder. The amorphous nature was conﬁrmed using X-ray diffrac-
ion by means of Panalytical X’pert Diffractometer using Cu K
adiation source at room temperature. The surface microstructures
ere studied using a scanning electron microscope (SEM). SEMmages were taken using Carl Zeiss Evo-18 special edition scanning
lectron microscopy.
The pellets of thickness 2 mm and diameter 12 mm were pre-
ared by a pressure machine at a constant load of 5 tons. The TPSFig. 2. Sample holder diagram with TPS sensor.
sensor (Fig. 1) was  sandwiched between these two  pellets of sam-
ple material in the sample holder (Fig. 2). The surfaces of these
pellets were made smooth so as to ensure good thermal contact
between the samples and the heating element. The arrangement
of the sample holder with sample was placed in an electric fur-
nace, which was  maintained at constant temperature within ±1 ◦C.
To achieve thermal equilibrium, the samples were maintained at a
particular temperature for at least 1 h before the experimental data
were taken. TPS element was made of a 10-m thick nickel’s foil
having a resistance of about 3.26  and a temperature coefﬁcient
of resistivity (TCR) around 4.5 × 10−3 K−1 with an insulating layer
made of 50-m thick kapton, on each side of the metal pattern.
Analysis of the data was  performed in a way  that was outlined
by Gustafsson [17]. Schematic diagram of electrical circuit used
for measurement of thermal transport properties such as effective
thermal conductivity (e) and effective thermal diffusivity (ke) isFig. 3. Bridge circuit diagram used to monitor the voltage variation.
n Ceramic Societies 3 (2015) 339–344 341
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Fig. 4. XRD patterns of Ge30−xSe70Sbx (x = 10, 15, 20 and 25) glasses.V. Kumari et al. / Journal of Asia
. Theory of transient plane source (TPS) method
The TPS technique has proved to be a precise and convenient
ethod for measuring the thermal transport properties of conduct-
ng and non-conducting materials. The TPS method consists of an
lectrically conducting pattern (Fig. 1), which serves both as source
f heat given to the material and as a sensor of temperature increase
n the sample. Assuming the conducting pattern to be in y–z plane
f a co-ordinate system, the rise in the temperature at a point y–z
t time t due to an output power per unit area Q is given by [17]
T(y, z, ) = 1
43/2a
a∫
0
 d
∫
A
dy′dz′Q
[
y′, z′, t − 
2a2
k
]
× exp
[
− (y − y
′)2 + (z − z′)2
42a2
]
(1)
here k (t − t′) = 2a2,  = a2/k, and  = [t/]1/2, a is the radius of the
ot disk which gives a measurement of the overall size of resistive
attern and  is known as the characteristic time.  is a constant
ariable,  is the thermal conductivity in units of W m−1 K−1 and k is
he thermal diffusivity in unit of m2 s−1. The temperature increase,
T(y, z, ), because of ﬂow of current through the sensor gives rise
o a change in the electrical resistance, 	R(t), which is given as:
R(t) = ˛R0 ¯T() (2)
here R0 is the resistance of TPS element before the transient
ecording has been initiated at room temperature, and  ˛ is the
emperature coefﬁcient of resistivity (TCR) of the sensor. ¯T() is
alculated by averaging the increase in temperature of TPS element
ver the sampling time because the concentric ring sources in TPS
lement have different radii and are placed at different tempera-
ures during the transient recording. From the ring source solution
e immediately get:
T¯() = P0
3/2a
Ds() (3)
here
s() = [m(m + 1)]−2
×
∫
0
d
2
[
m∑
l=1
l
{
m∑
k=1
k.Exp
(
(−l2 − k2)
22m2
)}
L0
(
lk
22m2
)]
(4)
In Eqs. (3) and (4), P0 is the total output power, and L0 is the
odiﬁed Bessel function. If we assume that the resistance increase
ill cause a potential difference variation, 	U(t), measured by the
oltmeter in the bridge, the analysis of the bridge indicates that
E(t) = Rs
Rs + R0
I0R(t) =
Rs
Rs + R0
I0˛R0P0
3/2a
Ds() (5)
here
(t) = U(t)[1 − C · U(t)]−1 (6)
nd
 = 1
RsI0
[
1 + 
RP
(Rs+R0)+RP
] (7)
The deﬁnition of various resistances is given in Fig. 3. Rs is a
tandard resistance with a current rating that is much higher than
0, which is the initial heating current through the arm of the bridge
ontaining the TPS element.4. Results and discussion
The X-ray diffraction patterns of Ge30−xSe70Sbx (x = 10, 15, 20
and 25) are shown in Fig. 4. It is clear from Fig. 4 that there is
no sharp peak in the X-ray diffraction patterns which conﬁrm
the amorphous nature of these materials. The morphology of the
Ge30−xSe70Sbx (x = 10, 15, 20 and 25) was  examined using SEM.
The SEM images in Fig. 5a–c shows the surface microstructures
of the as-prepared samples of Ge20Se70Sb10, Ge10Se70Sb20, and
Ge5Se70Sb25. SEM images for sample Ge15Se70Sb15 have been given
elsewhere [16]. Fig. 6a–c shows the surface microstructures of
the Ge20Se70Sb10, Ge10Se70Sb20, and Ge5Se70Sb25 samples after
completion of TPS measurements. A comparison has been made
between the microstructures of samples before and after the TPS
measurements. Results show that samples were crystallized due to
temperature given to them during TPS measurements beyond the
glass transition temperature.
The variations of experimental values of e and ke of glass sam-
ples [16] with temperature have been illustrated in Figs. 7 and 8.
It can be seen from the ﬁgures that samples with more Sb con-
tent have higher values of both e and ke in the entire range of
temperature under study. Both e and ke are almost temperature
independent for each sample in the temperature range from room
temperature to 160 ◦C. Both e and ke have been found to vary non-
linearly with temperature for all glass samples in the temperature
range from 160 ◦C to 270 ◦C. Initially both e and ke increase and
acquire a maximum value (peak) at a particular temperature which
is characteristic temperature to each sample and falls in the vicinity
of glass transition region of that glass, thereafter these quantities
decrease with increasing temperature. Densities of as-prepared
samples, densities of pellets and glass transition temperatures of
the system Ge30−xSe70Sbx (x = 10, 15, 20 and 25) are shown in
Table 1. Besides the experimental measurement of e and ke, effort
has also been made to ﬁt empirical relations for the calculation of
values of e and ke in the entire range of temperature of study. In
view of this, a polynomial has been ﬁtted by using the experimental
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f
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F
Tig. 5. (a) The SEM image of as-prepared Ge20Se70Sb10 glass. (b) The SEM image of ata of e and ke as a function of temperature. Empirical relations
or e and ke are given by:
e = A + B(T − T0) + C(T − T0)2 + D(T − T0)3 (8)
ig. 6. (a) The SEM image of Ge20Se70Sb10 glass after completion of TPS measurement. (
he  SEM image of Ge5Se70Sb25 glass after completion of TPS measurement.pared Ge10Se70Sb20 glass. (c) The SEM image of as-prepared Ge5Se70Sb25 glass.ke = a + b(T − T0) + c(T − T0)2 + d(T − T0)3 (9)
where A and a are the maximum (peak) values of e and ke, respec-
tively at the characteristic temperature (T0) for each glassy sample.
b) The SEM image of Ge10Se70Sb20 glass after completion of TPS measurement. (c)
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Table  1
Values of glass transition temperatures (Tg) at the heating rate of 10 ◦C min−1, densities of as-prepared samples, and densities of pellets for Ge30−xSe70Sbx (x = 10, 15, 20 and
25)  glasses at different Sb concentrations.
Sample Glass transition temperature, Tg (◦C) Densities of as-prepared glass (kg/m3) Densities of pellets (kg/m3)
Ge20Se70Sb10 238 5086.7 3450.7
Ge15Se70Sb15 209 5155.1 3973.0
Ge10Se70Sb20 202 5223.5 4064.9
Ge5Se70Sb25 171 5291.9 4322.0
Table 2
Values of constants B, C, and D in Eq. (8) for the effective thermal conductivity of Ge30−xSe70Sbx (x = 10, 15, 20 and 25) glasses.
Sample Characteristic temperature T0 (◦C) Constants for effective thermal conductivity of chalcogenide glasses
B (W/m-K2) C (W/m-K3) D (W/m-K4)
Ge20Se70Sb10 240 0.001 −6.902E−5 −1.036E−6
Ge15Se70Sb15 210 3.413E−4 −1.139E−4 −1.813E−6
Ge10Se70Sb20 200 8.168E−4 −1.240E−4 −2.463E−6
Ge5Se70Sb25 180 −0.001 −9.735E−5 1.917E−6
Table 3
Values of constants b, c and d in Eq. (9) for the effective thermal diffusivity of Ge30−xSe70Sbx (x = 10, 15, 20 and 25) glasses.
Sample Characteristic temperature T0 (◦C) Constants for effective thermal diffusivity of chalcogenide glasses
b (mm2/s-K) c (mm2/s-K2) d (mm2/s-K3)
Ge20Se70Sb10 240 −3.797E−4 −6.476E−5 −7.614E−7
Ge15Se70Sb15 210 −2.274E−4 −1.321E−4 −2.083E−6
Ge10Se70Sb20 200 7.492E−4 −1.175E−4 −3.032E−6
Ge5Se70Sb25 180 −6E−4 −5.118E−5 1E−6
F
c
V
e
s
c
c
a
b
w
t
m
p
o
i
t
r
aig. 7. Temperature variation of ﬁtted and experimental values of effective thermal
onductivity of Ge30−xSe70Sbx (x = 10, 15, 20 and 25) glasses.
alues of constants B, C, D, b, c, and d have been calculated using
xperimental values of e and ke at different temperatures and are
hown in Tables 2 and 3. Using these values of the constants and
haracteristic temperatures (T0), the values of e and ke have been
alculated. The variations of ﬁtted values of e and ke with temper-
ture have also been plotted in Figs. 7 and 8, respectively as shown
y solid lines. The observed variations in e and ke of these glasses
ith temperature were explained elsewhere [16] by considering
he effect of temperature on structural units in a phenomenological
anner [19]. Variation in the phonon mean free path with tem-
erature is the controlling factor for the temperature dependence
f e and ke in the temperature range below T0. The temperature
ndependent nature of e and ke up to 160 ◦C is because of the
emperature independent nature of phonon mean free path. With
ising temperature, the glassy chains straighten out more and more
nd an increase of the chain length is observed. Therefore, meanFig. 8. Temperature variation of ﬁtted and experimental values of effective thermal
diffusivity of Ge30−xSe70Sbx (x = 10, 15, 20 and 25) glasses.
free path increases and results in the increase of e and ke in this
temperature range [20–22]. For the temperatures above the char-
acteristic temperatures, the chains break into small chain segments
as the material transforms from glassy to a crystalline state. This is
responsible for the decrease of phonon mean free path and hence
the effective thermal conductivity of the material [20–22]. It is clear
from Figs. 7 and 8 that the agreement between the ﬁtted values
using the empirical relations and experimental values of e and ke
is fairly good in the temperature range from 160 ◦C to 270 ◦C.
5. ConclusionsFrom the present study following conclusions can be drawn:
Different glassy Ge30−xSe70Sbx (x = 10, 15, 20 and 25) samples
have different values of characteristic temperatures for which both
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ffective thermal conductivity (e) and effective thermal diffusivity
ke) show their maxima.
Effective thermal conductivity (e) and effective thermal dif-
usivity (ke) of the glassy samples at different temperatures are
overned by the temperature dependence of phonon mean free
ath.
Decrease in effective thermal conductivity (e) and effective
hermal diffusivity (ke) of the glassy samples beyond their char-
cteristic temperatures, i.e. in higher temperature range is due to
he breaking of chains into small segments and in turn decrease of
ean free path of the phonons.
Measured effective thermal conductivity (e) and effective
hermal diffusivity (ke) could be ﬁt to empirical relation in the
emperature range from 160 ◦C to 270 ◦C.
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